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	Main biological or clinical implication
	Evidence basis
	Evidence level
	Ref

	Increased uptake and metabolization of extracellular lipids
	Supports proliferation through lipid and lipoprotein uptake, triglyceride storage, and fatty acid oxidation
	Human CCA tissues, CCA cell models, proteomic/metabolic analysis
	B
	[1]

	Arachidonic acid accumulation and transfer to macrophages
	Reprograms TAMs from an antitumor CD5L-positive phenotype toward a protumor TREM2-positive phenotype; suppresses CD8-positive T-cell activity
	Human iCCA tissues, single-cell analysis, macrophage functional assays, and mechanistic experiments
	B
	[2]

	Leukotriene and 5-lipoxygenase activation
	Promotes CCA cell proliferation and migration through Akt-related signaling; provides a potential anti-leukotriene therapeutic target
	CCA cell-line experiments and preclinical pharmacological inhibition
	C
	[3,4]

	PGE2 accumulation and impaired PGE2 degradation
	Promotes cholangiocarcinoma cell proliferation, migration, invasion, stemness, and β-catenin-related signaling
	Cell-based mechanistic studies; bile exosomal miRNA study linked to HPGD/PGE2 regulation
	B–C
	[5,6]

	Proresolving lipid imbalance involving 15-LOX-1 and 15-PGDH
	Loss of proresolving control may sustain inflammatory lipid signaling; omega-3 PUFAs may restore 15-PGDH-related PGE2 inactivation
	Mainly preclinical CCA cell studies
	C
	[4]

	Parasite-associated FASN upregulation and fatty acid synthesis activation
	Links Clonorchis sinensis-related inflammation to de novo fatty acid synthesis, immune remodeling, and iCCA progression
	Human parasite-associated iCCA samples, spatial/molecular analyses, experimental exposure models
	B
	[7,8]

	IDH1 mutation-related lipid biosynthetic alteration
	Mutant IDH1 may affect lipid synthesis through PTEN/Akt/SREBP1c-related signaling; direction may be context dependent.
	Mainly mechanistic and genetic-context evidence; limited direct clinical validation in CCA lipid phenotyping
	C–D
	[9]

	IDH1 mutation-associated ferroptosis sensitivity
	IDH1-mutant CCA cells may be more sensitive to ferroptosis-inducing stress.
	Cell-based CCA study
	C
	[10]

	Increased total cholesterol and small dense LDL cholesterol in extrahepatic CCA with cholestasis
	Indicates cholestasis-associated lipoprotein disturbance; potential confounder for lipid biomarkers
	Clinical observational study in the eCCA/cholestasis context
	D
	[11]

	Bile acid-related cholangiocyte proliferation and injury signaling
	Supports the concept that cholestatic bile acid exposure may create a permissive biliary niche
	Animal and mechanistic bile-acid receptor studies; indirect relevance to CCA
	C–E
	[12,13]

	STAT3–BRD9–CD36 axis enhances fatty acid uptake
	Couples inflammatory transcriptional signaling to CD36-mediated fatty acid metabolism and iCCA progression
	Human iCCA samples, prognosis association, cell and animal functional validation
	B
	[14]

	AURKB–NCEH1 axis increases intracellular cholesterol accumulation.
	Promotes CCA progression and may enhance chemoimmunotherapy response when targeted
	Human CCA samples, mechanistic experiments, therapeutic testing in preclinical models
	B
	[15]

	CXCL6-driven lipid metabolism remodeling
	Induces lipid metabolic reprogramming, NET formation, CCA progression, and immunotherapy resistance
	Human samples and experimental models
	B
	[16]

	GPBAR1/SOX4/CXCL10-related bile acid signaling
	May connect bile acid signaling to invasion, EMT, immune recruitment, and microenvironment remodeling
	Mainly mechanistic/preclinical evidence; direct lipid-metabolic validation remains limited
	C
	[15]

	Sphingomyelin-related immune mediation
	Certain sphingomyelin species may influence CCA risk through immune-cell mediation.
	Mendelian randomization and immune-cell mediation analysis
	D–E
	[17]

	ALOX5-derived leukotriene signaling recruits TAMs through PI3K
	Remodels the immune microenvironment and promotes ICC progression
	Human tissue association, immune infiltration analysis, cell and animal experiments
	B
	[18]

	Tumor lipid mediators reshape TAM and T-cell function
	Supports a bidirectional lipid–immune amplification loop
	Integrated evidence from AA/TAM, ALOX5/TAM, CXCL6/NETs, and lipidome–immune mediation studies
	B–C
	[17,18]

	Increased fatty acid uptake, triglyceride storage, and FAO enrichment
	Provides adaptive energy metabolism for proliferative or metabolically stressed CCA cells
	Human CCA samples, CCA cell models, proteomic/metabolic evidence
	B
	[1]

	Omega-3 PUFA-mediated suppression of migration and TWIST
	Suggests that lipid composition can modulate metastatic traits
	CCA cell and zebrafish/preclinical models
	C
	[19]

	Adipocyte-derived fatty acids and FABP4-mediated lipid uptake
	Promotes CCA lipid accumulation and metastatic behavior
	Coculture, in vitro and in vivo CCA models; limited human-context support
	C–B
	[20]

	Oleic acid–PPARγ–FABP4 positive feedback loop
	Fuels CCA lymph node colonization by enhancing fatty acid uptake and oxidation
	Single-cell analysis, patient-derived organoids, animal models, and the lymph node metastasis context
	B
	[21]

	ACLY regulates saturated/unsaturated fatty acid balance and lipid peroxidation
	Affects ferroptosis sensitivity and may create a therapeutic vulnerability
	CCA tissue analysis, cell experiments, ferroptosis-inducer sensitivity testing
	B–C
	[22]

	MUC1–Src–USP10–NMT1–FSP1 axis drives ferroptosis resistance
	Enhances FSP1 stability and membrane localization, reducing ferroptotic vulnerability
	Human ICC data and mechanistic in vitro/in vivo validation
	B
	[23]

	SQLE/FDFT1-mediated cholesterol synthesis
	Associated with drug-resistant phenotypes and cholesterol-directed vulnerability
	Preclinical CCA drug-resistance and pharmacological studies
	C
	[24]

	MAL2–EGFR/PI3K/AKT/SREBP1 lipid metabolic reprogramming
	Promotes lipid accumulation and contributes to ICC progression and cisplatin resistance
	Single-cell RNA sequencing, transcriptomic/metabolomic analysis, organoid, and functional validation
	B
	[25]

	Lipid metabolism reprogramming targeted by mitochondrial drug delivery systems
	Reprograms lipid metabolism to overcome drug resistance in iCCA models
	Preclinical drug-delivery and mechanistic experiments
	C
	[26]

	Reduced serum PC(34:3) and PC(14:0/16:1)
	Helps distinguish CCA from benign biliary disease, including PSC, in selected cohorts
	Serum metabolomics with discovery and validation cohorts
	B
	[27]

	Increased PC36:6 and PC42:6 in tumor tissue and preoperative serum
	May reflect tumor burden and decrease after resection
	Tissue and paired perioperative serum phospholipidome analysis
	D
	[28]

	Increased phosphatidylcholine in bile-derived small extracellular vesicles
	Potential biomarker for distinguishing malignant from benign biliary disease
	Pilot bile sEV study with assay-kit feasibility
	D
	[29]

	LPC-enriched bile lipid classifier, including Cer, LPC, and TG species
	Distinguishes CCA from benign bile duct diseases with high diagnostic performance
	Prospective bile lipidomics study with training, validation, and testing cohorts
	A–B
	[30]

	Altered serum exosomal LPC, PC, PE, PI, and PI38:4
	Candidate noninvasive exosomal lipid signature for extrahepatic CCA
	Small serum exosome lipidomics study
	D
	[31]

	Increased HexCer and LacCer containing 2-hydroxylated fatty acids
	LacCer alteration associated with shorter survival
	Small tissue-based CCA cohort
	D
	[32]

	Elevated conjugated bile acids, including glycocholic acid and taurocholic acid
	May help distinguish primary liver tumor contexts or reflect liver cancer risk
	Large nested case-control liver cancer cohort, not CCA-specific
	D–E
	[33]

	Phosphatidylcholine synthesis and fluorocholine uptake
	Provides a functional imaging readout of choline/phospholipid metabolism
	Pilot PET/CT and tissue phospholipid profiling studies
	D–E
	[34]

	Increased triglyceride-related lipid species
	Associated with postoperative recurrence in early-stage CCA
	Integrated metabolomics/lipidomics study
	D
	[35]

	Pretreatment TG and APOA1-related lipid status
	Predicts response or survival in advanced iCCA treated with PD-1 inhibitors; the combined model includes CA19-9
	Retrospective clinical cohort
	D
	[36]

	Increased saturated fatty acids, including the C18:0-related pattern
	Reflects de novo lipogenesis and membrane synthesis; may modulate macrophage phenotype
	Human CCA samples plus mechanistic cell/immune experiments
	B–C
	[37]

	Choline-containing and triglyceride-related MRS signals
	May indicate membrane turnover and lipid accumulation
	Mainly animal/preclinical or translational imaging evidence
	C–E
	[38,39]

	MALDI-MSI-based spatial lipid mapping
	May localize lipid metabolic heterogeneity in tumor–stroma regions
	Experimental spatial metabolite profiling; limited direct clinical CCA validation
	C–E
	[40]

	PLA2 family and phospholipid-derived signaling
	May regulate phospholipid remodeling, PGE2/STAT3 signaling, metastasis, and immune modulation
	Bioinformatic/clinical association and mechanistic studies
	C–D
	[41,42]

	PI3K/AKT/mTOR lipid-associated downstream signaling
	Converges with lipid remodeling but is not lipid-specific
	Evidence mainly extrapolated from other tumors and selected CCA preclinical studies
	E
	[43,44]

	Lipid-based nanocarriers and vesicular delivery systems
	May improve the delivery of poorly soluble or nucleic-acid therapeutics
	Preclinical CCA drug-delivery studies
	C
	[45,46]

	Natural lipid-modulating or metabolism-modulating compounds
	May affect membrane composition, inflammation, oxidative stress, autophagy, or apoptosis
	In vitro and animal CCA studies
	C–E
	[47–50]


Supplement Table 1: Evidence hierarchy of lipid metabolic alterations in cholangiocarcinoma
Evidence level: A, clinical biomarker evidence with prospective or multi-cohort validation, although not necessarily routine clinical implementation; B, human CCA sample-supported evidence with functional or mechanistic validation; C, CCA-specific preclinical evidence from cell lines, organoids, animal models, or pharmacological experiments; D, clinical association or exploratory biomarker evidence without sufficient functional validation or independent confirmation; E, evidence extrapolated from other tumor types, general lipid biology, or hypothesis-generating observations.
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